The study investigated the early development of responsiveness to rivalrous gratings. Infants were tested weekly between 6 and 16 weeks of age for their ability to discriminate between interocularly identical (fusible) lines and interocularly orthogonal (unfusible, rivalrous) lines. The stimuli were presented on an autostereoscopic monitor equipped with a face-tracking device. Two psychophysical techniques, the forced-choice preferential looking (FPL) method and measurement of looking times, were employed. Contrary to earlier findings, infants at all ages avoided looking at the rivalrous gratings instead of showing a developmental shift from a relative preference for unfusible, rivalrous gratings to a relative preference for fusible gratings. Avoidance of the rivalrous gratings became significant at 8-9 weeks of age, suggesting that infants clearly exhibit binocular rivalry from that age onwards. Control experiments secured that the infants' preference for the fusible gratings was not governed by a natural preference for less over more complex line patterns.
Introduction
Binocular rivalry occurs when the eyes receive a pair of images that cannot be fused into a coherent perception. The neurocognitive mechanisms of binocular rivalry are under debate (for reviews, see Blake & Logothetis, 2002; Tong, Meng, & Blake, 2006) . One opinion is that binocular rivalry is a low-level process, arising from interocular competition between monocular neurons in V1 or in the lateral geniculate nucleus. Research on adult humans and on non-humans suggests that these areas play a crucial part in binocular rivalry (e.g., Leopold & Maier, 2006; Maier et al., 2008; Pitts, Martínez, & Hillyard, 2010) . Alternatively, binocular rivalry is assumed to be a high-level process, occurring in higher sites of the visual pathway and arising from competition between incompatible stimulus patterns. Neurophysiological evidence indicates that multiple cortical areas are activated in the human brain during binocular rivalry, including parietal (e.g., Britz, Pitts, & Michel, 2011) , temporal (e.g., Cosmelli et al., 2004) , and frontal areas (e.g., Wilcke, O'Shea, & Watts, 2009) .
Simple patterns like gratings generate shallow, incomplete suppression and piecemeal rivalry. Piecemeal rivalry can be evoked, for example, by sending gratings with differential orientations to the two eyes. Typically, interocularly orthogonal gratings are used in which horizontal lines are sent to one eye and vertical lines are sent to the other. Interocular orthogonal gratings elicit the perception of a fluctuating patchwork of lines, fragmented alternations, in which one half-image dominates some parts of the image while the other half-image dominates other parts (e.g., Alais, 2012) .
Physiological and behavioral indicators have been applied in research on infant sensitivity to binocular rivalry. This research indicates responsiveness to binocular rivalry as early as 3 months of age. In physiological studies, binocular functioning has been assessed by measuring visual evoked potentials (VEPs) in response to different kind of stimuli. Braddick et al. (1980) found evidence for cortical binocularity in infants tested with a dynamic random dot correlogram (RDC). In the dynamic RDC, the dot pattern alternated rapidly between a correlated and an anticorrelated phase. In the correlated phase, the images presented to the eyes were identical. In the anticorrelated phase, the image presented to one eye was the negative of that presented to the other eye. Differential VEPs to the two phases indicate that the visual system detects whether (correlated pattern) or not (anticorrelated pattern) the images sent to each eye can be fused. Braddick et al. (1980) established that, in general, by the age of 3 months infants respond sensitively to the dynamic RDC. Several studies have confirmed this finding (e.g., Braddick et al., 1983; Petrig et al., 1981; Skarf et al., 1993) . Birch and Petrig (1996) demonstrated that responsiveness to correlated versus anticorrelated patterns increased from 2 to 8 months of age as indicated by both VEP and preferential looking.
VEPs to dichoptic, interocularly orthogonal striped patterns have been measured by Brown, Candy, and Norcia (1999) . Inconsistent with the results from RDC studies, infants 5-15 months of age failed to demonstrate physiological rivalry.
Higher level of VEPs to phase-alternating patterns under binocular viewing in contrast to monocular viewing is an index of binocular summation, the integration of binocular inputs. Binocular summation has been observed in infants from approximately 2 months of age onwards (e.g., Amigo et al., 1978; Leguire, Rogers, & Bremer, 1991; Penne et al., 1987; Shea, Aslin, & McCulloch, 1987) . Odom and Harter (1983) have investigated interocular suppression, the reduced visibility of a stimulus presented to one eye by a stimulus presented to the other eye. Interocular suppression in infants 3 months of age and in adults was assessed by VEP signals. The magnitude of interocular pattern suppression in infant participants was comparable to that in adult participants.
Consistent with the studies using electrophysiological techniques, behavioral studies have shown that from approximately 3 months onwards infants prefer fusible over rivalrous gratings (Birch, Shimojo, & Held, 1985; Gwiazda, Bauer, & Held, 1989; Shimojo, 1993; Shimojo et al., 1986; Thorn et al., 1994) . Gwiazda, Bauer, and Held (1989) presented two stimuli to infants, one of which consisted of interocularly identical vertical gratings (fusible stimulus) and the other of interocularly orthogonal gratings (unfusible stimulus). Only the unfusible stimulus generates piecemeal binocular rivalry in adults. The infants were tested repeatedly between approximately 3-20 weeks age. Gwiazda, Bauer, and Held (1989) examined visual preference toward the stimuli with the forced-choice preferential looking (FPL) method (e.g., Teller, 1997) . In a test session, the fusible and the unfusible stimuli were repeatedly shown. At each stimulus presentation trial, an observer judged which stimulus the infant had attended to. Gwiazda, Bauer, and Held (1989) found an age-related shift from a relative visual preference for the interocularly orthogonal gratings to a relative preference for the interocularly identical gratings. Mean age of onset of relative preference for the fusible stimulus was 12.4 weeks of age. Moreover, a sex difference occurred. Females exhibited a mean onset of relative preference for the fusible gratings at 9.9 weeks, males at 13.8 weeks. Similar findings have been obtained by Shimojo et al. (1986; see also Shimojo, 1993) .
According to a common explanation, the preference for a fusible over a rivalrous target displayed from 3 months of age onwards indicates maturation of the neurophysiological mechanisms of binocularity: The visual system becomes adult-like and extracts rivalry. Rivalrous stimuli are assumed to be aversive for infants. As a consequence, with the onset of binocularity, infants avoid looking at the interocularly orthogonal gratings and direct their attention to the interocularly identical gratings.
Younger infants' preference for the rivalrous over the fusible stimulus is explained by the ''superposition hypothesis'' (e.g., Held, 1991 Held, , 1993 . According to this hypothesis, the signals from the two eyes are nonselectively combined into a single, uniform representation in the younger infants' immature visual system. More specifically, interocularly orthogonal gratings are summed up and the stimulus is perceived as a lattice. Since infants tend to prefer looking at complex patterns, they look longer at the lattice than at an interocularly identical (vertical or horizontal) gratings stimulus. Held (e.g., 1993) delineates that the axons from both eyes are connected with the same cells in layer IV of young infants' primary visual cortex (V1). As a result, the signals from the two eyes are blended. Rivalry emerges when the afferent nerves from both eyes are segregated in layer IV.
Several studies have criticized the hypothesis of superposition of inputs from the two eyes in young infants. In macaque monkeys, disparity sensitive anatomical structures in V1 and V2 are present from an early age onwards (e.g., Endo et al., 2000; Horton & Hocking, 1996; Maruko et al., 2008) . Endo et al. (2000) found that V1 neurons in young infant monkeys are capable of initiating interocular suppressive interactions which are a prerequisite for binocular rivalry. These interactions were stronger than those in adult monkeys before 8 weeks of age. In sum, by indicating the early presence of rivalry-related binocular mechanisms, neurophysiological findings do not support the superposition hypothesis. Braddick (1996) points out that the superposition hypothesis is not consistent with infant responsiveness to dynamic random dot correlograms. Under dichoptic presentation RDC are perceived to alternate between fusible and non-fusible patterns in adults. If the random dot patterns are not separated between the eyes (non-dichoptic presentation), the rapid transitions between correlation and anticorrelation are perceived as transitions between low-and high-contrast dots. Accordingly, if the young infants' visual system sums the signals from the two eyes, as proposed by the superposition hypothesis, dynamic RDC would elicit similar VEPs under dichoptic and non-dichoptic presentation. Binocular VEP responses to dichoptically presented RDC would appear later. Contrary to this prediction, Braddick et al. (1983) observed strong VEPs under non-dichoptic but not under dichoptic viewing in infants younger than approximately 3 months.
Finally, in human infants 5-16 weeks of age, Brown and Miracle (2003) did not find evidence for a preference of interocularly orthogonal gratings over interocularly identical horizontal gratings. With age, the infants increasingly preferred the interocularly identical gratings over the rivalrous gratings. Again, this behavioral finding disconfirms the superposition hypothesis.
The primary goal of the study was to examine whether a developmental shift from a relative preference for rivalrous to a relative preference for fusible gratings occurs at approximately 12-14 weeks, as suggested by earlier studies. The study extends the investigation conducted by Brown and Miracle (2003) by applying two experimental methods, the FPL method (Experiment 1) and the classical natural preference (CNP) method (Experiment 2). In the CNP method, the distribution of looking times across two stimuli is measured. Moreover, the stimuli were displayed on an autostereoscopic monitor equipped with a face-tracking device. Glasses to separate the views of the eyes were not needed.
The superposition hypothesis assumes that young infants prefer dichoptic gratings over fusible gratings because the dichoptic pattern is blended into a complete lattice, which is more complex than the fusible gratings. However, research on preferential looking at complex patterns provides evidence that infant looking is modulated by an interaction between complexity and age (e.g., Brennan, Ames, & Moore, 1966; Horowitz, Tims, & McCluskey, 1974) . In additional samples, it was therefore examined whether infants prefer a (complex) lattice over horizontal lines. Again, two samples were followed longitudinally, one using the FPL (Experiment 3) and one using the CNP technique (Experiment 4). Twenty-four full-term, healthy infants (12 girls and 12 boys) comprised the sample. The infants were recruited by letter and follow-up telephone calls. The infants also participated in a CNP experiment on sensitivity to horizontal disparity (Kavšek, submitted for publication). The names of the infants were obtained from birth records provided by the municipal authorities of the City of Bonn (Bonn, Germany). Data protection was guaranteed. The parents were paid 5 Euros at each visit. Additionally, after the last test session, they were given a compact disk containing all recordings showing their infant. Parents were informed about the study and gave informed consent before onset of the first testing. The study was approved by the ethics committee of the Institute of Psychology at the University of Bonn.
The infants were tested weekly between 6 and 16 weeks of age. Two boys were completely replaced because the parents did not come to the test session on three consecutive appointments. In the (11 test sessions Â 24 participants) data matrix, 31 data points were empty because the parents did not come to the appointment (n = 16), the infant was too distracted (n = 9) or too sleepy (n = 2) to be tested or because of technical problems (n = 2) or experimenter error (n = 2). One additional data point was omitted because of a position bias of 95% or more, meaning that the infant looked preferentially at the left stimulus in at least 95% of the trials (Haaf & Diehl, 1976) .
Apparatus
The apparatus and procedure have been described in full detail in Kavšek (submitted for publication). Each infant sat on a parent's lap in front of a 47.4 Â 29.6 cm flat LCD autostereoscopic 3D monitor (Seefront SF 2223). The center of the monitor was at the infant's eye-level. Viewing distance was 45 cm. Two black side panels (82 Â 170 cm) blocked the experimental room and the experimenters from the infant's view.
Two cameras above the computer screen monitored the infant. One camera was a face-tracking device connected to the software of the autostereoscopic monitor. The software was handled using an additional computer monitor. This monitor also showed the shots of the face-tracking camera. Frames around the outer contour and the inner parts of the face signaled whether the infant's face was captured accurately. Using the information from the facetracking camera, the monitor's software determined the position of the infant's face and adapted the half images to that position. The autosteroscopic device needs about 60.25 s to restore the stereoscopic effect after rapid head movements. The device may temporarily lose track of the face, for instance, if the face moves outside the scope of the tracking camera or if the head is turned backwards. In this case, the device typically needs 60.5 s to find the face again and restore the stereoscopic effect. The second camera was used to observe the infant's looking patterns.
Stimuli
The infants were presented with fusible, interocularly identical horizontal gratings versus rivalrous, interocularly orthogonal gratings. The gratings were blue (x = 0.18, y = 0.04) lines with a luminance of 3.1 cd/m 2 on a yellow (x = 0.40, y = 0.46) background with a luminance of 151 cd/m 2 . The fusible pattern consisted of five horizontal lines 10.65 cm (13.5°) long and 0.785 cm (1°) thick with a spatial frequency of 0.4 c/deg and a duty cycle of 0.4; the (yellow) spaces between the lines were 1.18 cm (1.5°) thick (see Fig. 1 , left side). The participants' contrast sensitivity is near its maximum at the spatial frequency of the pattern (Aslin, 1987) . In the unfusible (rivalrous) pattern, five horizontal lines were sent to one eye, and six vertical horizontal lines were sent to the other. Length of the vertical lines was 8.67 cm (11°). In Fig. 1 (right side), the horizontal and the vertical grating of the rivalrous pattern are blended and form a lattice. When displayed dichoptically, the gratings elicit piecemeal rivalry in adults.
Two stimulus displays were constructed, one in which the fusible pattern was situated in the left half and the unfusible pattern in the right half of the monitor, and one in which positions of the patterns were exchanged. The patterns were separated by a 15.87 cm (20°) gap.
Before the first trial and between trials, an attention-getter was shown. The attention-getter consisted of four 2.5 (3.18°) Â 2.5 cm squares. Each square had a different color (magenta, red, blue, and green). The squares were symmetrically arranged in the middle of the screen. Distance between the squares was 2.5 cm. They were set against a light gray background and rotated clockwise around their center. One rotation took 8 s. At the beginning of a rotation, a short jingle chimed. When the infant looked at the attention-getter, a trial was initiated.
Procedure
Each infant was brought to the test room by one parent and was seated on the parent's lap. Other than monitoring the child's position, the parent was asked not to point at the screen and influence the child's looking behavior during the experiment.
When the infant looked at the attention-getter, the first stimulus was shown. Each experimental session included between four (minimum) and seven (maximum) blocks of four forced-choice preferential looking trials. In two trials of each block, the rivalrous pattern was situated on the left side of the monitor and the fusible gratings were situated on the right side. In the remaining two trials, position of the patterns was exchanged. To control sequence effects, eleven different orders of seven blocks of four trials were randomly constructed. These eleven orders were then brought into a random sequence. This random sequence was assigned to the participants according to a Latin square design: Each participant was presented with the complete sequence of eleven orders of seven trial blocks across the eleven test sessions. The test session at which the sequence started varied randomly from infant to infant. The part of the sequence that was left over after the last test session was assigned to the remaining test sessions, the test sessions before the session at which the sequence was started.
The first block of trials in a test session was a warm-up phase in which the experimenter who collected the data was made familiar with the infant's looking behavior. The data from this block of trials were not included in the final data set. Data from the subsequent trials were included in the final data set if the infant accomplished a minimum of 12 trials (3 blocks). Beyond that, trials were administered until the infant became too distracted or tired or until the maximum of 24 trials (6 blocks) was attained. Mean number of completed trials per test session was 21.48 (SD = 2.90).
One experimenter monitored whether the face-tracking camera captured the infant's face. If the camera failed to capture the infant's position, the trial was broken off and started anew. The experimenter also controlled the presentation of the stimuli. A second experimenter observed the infant's looking behavior on a computer monitor attached to the second camera. The observer was blind to the stimulus on the autostereoscopic monitor at any given time. On each trial, he judged whether the infant preferred to look at either the left or the right pattern by pressing buttons. This twoalternative forced-choice judgment was based on the infant's direction of first fixation, number of looks to each side, duration of looking time to each pattern, and eye widening (e.g., Teller, 1979) . A trial was valid only if the forced-choice judgment was made within 10 s after trial onset. Otherwise, the trial was broken off and the next trial was initiated. Mean trial duration, the mean duration needed to pass a judgment, was 5.4 s (SD = 0.88 s). The dependent variable was the relative number of the trials in a test session in which the observer correctly judged the location of the Fig. 1 . In the rivalry Experiments (1 and 2), infants were presented with fusible horizontal gratings versus an unfusible stimulus consisting of a horizontal grating sent to one eye and a vertical grating sent to the other eye. In the complexity Experiments (3 and 4), infants were presented with horizontal lines versus a lattice. rivalrous pattern. If the infant preferred to look at this pattern, the relative preference score was higher than 0.50. Otherwise, if he avoided looking at this pattern in favor of the fusible pattern, the relative preference score was lower than 0.50.
A third experimenter independently recoded the looking behavior of eight randomly selected participants from the film recordings made during the experimental sessions to obtain a measure of interobserver agreement. Person correlation was r = .94 for the relative preference scores (75 test sessions).
Results
The lower curve in Fig. 2 summarizes the mean relative FPL scores for the rivalrous gratings from 6 to 16 weeks of age. All mean scores are lower than the chance probability of .50. This indicates that the infants avoided looking at the dichoptic pattern and looked longer at the fusible gratings at any given age. For each mean, the 95% confidence interval is given. The confidence intervals were adjusted for multiple tests according to the B-Y method (Benjamini & Yekutieli, 2001 ). The confidence intervals at 6 and 7 weeks include the chance probability score (.50). At these ages, the infants tended to look longer at the fusible gratings but this tendency did not reach significance. At the remaining ages, the means are significantly lower than chance probability, indicating clear avoidance of the rivalrous gratings.
In all experiments, several trend analyses were conducted to establish the best-fitting model for the developmental data. These analyses examined several curve-fitting models, e.g., linear, inverse, quadratic, and S-shaped models, as well the impact of the following factors and their interactions: Age of the infants in weeks, sex, and first-(lag 1) as well as second-order (lag 2) autocorrelations, the correlations between the observed relative scores separated by 1 and 2 weeks. A variable was included in the final model only if it contributed significantly. The best fit for the lower curve depicted in Fig. 2 FPL is the predicted relative FPL score. According to the equation, the relationship between relative preferences and age is a combination of a linear and a quadratic component. More specifically, the relationship is curvilinear/[-shaped: The relative preferences decrease from 6 weeks to 11 weeks and increase from 11 weeks onwards. The increase, however, is only moderate. The t statistics for the regression coefficients indicated a significant (a = .05) effect of age in weeks, t = À2.57, p = .011, (age in weeks) 2 , t = 2.67, p = .008, and the lag 1 component, t = 3.15, p = .002. Fig. 3a shows that the time sequences of relative preference scores are quite variable between and within the individual participants. Nevertheless, the significant lag 1 variable implies that interindividual differences at a certain week predict the interindividual differences 1 week later. In the second experiment, infants were again followed longitudinally from 6 to 16 weeks. The FPL method, however, was replaced by measurement of looking times. The goal of the experiment was to test whether the results from the first experiment could be validated using an alternative implementation of the natural preference procedure.
3. Experiment 2: Rivalrous gratings versus fusible gratings. Classical natural preferential looking 3.1. Methods
Participants
Twenty-four full-term healthy infants (12 girls and 12 boys) were tested weekly between 6 and 16 weeks of age. Five boys and one girl were completely replaced because the parents did not come to the testing session on three consecutive appointments. The infants also contributed data to a FPL experiment on extraction of horizontal disparity information (Kavšek, submitted for publication). Thirty-four data points were missing because the parents infant age in weeks missed an appointment (n = 16), the infant was too distracted (n = 5), or because of a position bias of 95% or more, meaning that the infant preferred either the left or right stimulus in at least 95% of the total looking time (n = 13).
Apparatus and stimuli
The apparatus and stimuli were the same as in the first experiment.
Procedure
The testing procedure was similar to that applied in Experiment 1. The FPL method was exchanged for the CNP method.
A block of two classical natural preference trials was conducted in each test session. The position of the dichoptic/rivalrous pattern was either on the right or on the left side on the first trial. The leftright position of the rivalrous pattern was alternated from the first to the second trial. A sequence of eleven blocks of trials was randomly determined. Assignment of this sequence to the infants across the eleven test sessions was the same as the assignment in the first experiment.
Before the very first trial and between trial 1 and trial 2, the attention-getter was shown. During the CNP trials, the observer pressed buttons attached to a computer to measure the time the infant spent looking at the right or at the left stimulus target. In case the face-tracking camera failed to capture the face, measurement of the infant's looking was interrupted until the camera picked up the face again. If the infant distracted his attention from the monitor for longer than a few seconds, the trial was stopped and restarted. Each CNP trial lasted until 10 s of looking at the two stimulus targets had elapsed. When looking time had accumulated to 10 s, the computer signaled the end of the trial by a low-pitched tone. A relative classical natural preference score was computed by dividing the amount of looking at the dichoptic pattern observed during the two CNP trials by the total looking time in the two trials (20 s).
Interobserver agreement was r = .93 for the relative CNP scores from eight randomly selected infants (81 test sessions).
Results
The mean relative CNP scores from 6 to 16 weeks are depicted in the lower curve of R 2 = 0.034, F(2, 227) = 3.97, p = .02, with t = À2.39, p = .018, for age in weeks and t = 2.56, p = .011, for (age in weeks)
2
. Neither the sex variable nor the lag 1 and lag 2 components contribute significantly to the prediction of the CNP scores. The non-significance of the lag components is probably due to the high variability in the data (see Fig. 3b ).
All means shown in the lower curve of Fig. 4 are lower than .50, indicating an avoidance of the unfusible gratings at all ages. Avoidance of the unfusible gratings was significant at 9, 10, and 12 weeks; at these ages the confidence intervals do not include .50, the chance probability.
In sum, Experiments 1 and 2 do not substantiate the superposition hypothesis according to which preference for fusible over unfusible gratings is preceded by preference for unfusible over fusible gratings. The reversion in natural preference occurs at approximately 12 weeks, according to Gwiazda, Bauer, and Held (1989) . In the present experiments, infants tended to prefer the fusible pattern at all ages. According to the results, binocular rivalry can be demonstrated from an early age onwards.
However, the infants might superpose the horizontal and the vertical grating of the rivalrous stimulus and, as a consequence, perceive a lattice. They might look longer at the fusible gratings because they naturally prefer them over the pattern of the blended horizontal and vertical grating. Several studies have ascertained that infants do not simply look longer at more complex patterns. For example, Horowitz, Tims, and McCluskey (1974) found an \-shaped relationship between stimulus complexity and fixation time for several age groups. It was therefore tested in additional experiments whether infants prefer horizontal lines over a lattice consisting of horizontal and vertical lines or vice versa (see Fig. 1) . A preference for a horizontal grating over a lattice would disconfirm the hypothesis that the results from Experiments 1 and 2 indicate an avoidance of the dichoptic pattern. An equal distribution of the infants' attention across both patterns or a preference for a lattice over a horizontal grating would support the hypothesis that the infants in Experiments 1 and 2 extracted rivalry and avoided looking at the dichoptic pattern. Two experiments, one applying the FPL method (Experiment 3) and one applying the CNP method (Experiment 4), were conducted to observe infants' looking behavior towards a lattice versus a horizontal grating. 
Participants
The final sample included 14 infants (7 females, 7 males). Again, the infants were tested weekly between 6 and 16 weeks of age. Five male infants were replaced because the parents did not show infant age in weeks up to the test session on three consecutive appointments. Thirtyfour data points were missing due to fussiness (n = 14), sleepiness (n = 10), or because the parents did not come to the appointment (n = 10).
Apparatus
The apparatus was the same as in Experiment 1.
Stimuli
The infants were presented with the horizontal grating and the lattice depicted in Fig. 1 . The lattice was constructed by superimposing the two half images, the vertical and the horizontal grating, from the dichoptic stimulus used in Experiments 1 and 2. By including more lines than the horizontal grating, the lattice was more complex. It was expected that the infants would look longer at the lattice if they tended to naturally prefer a complex lattice over a less complex horizontal lines pattern. Two stimuli were employed, one in which the lattice was located in the left half of the monitor while the horizontal lines were located in the right half of the monitor, and one in which position of the targets was reversed.
Procedure
The first block of trials in a test session consisted of two FPL warm-up trials. Position of the lattice was exchanged from trial 1 infant age in weeks to trial 2. The warm-up trials were not included in the data analysis. They were followed by three (minimum) to five (maximum) blocks of four FPL trials. All other aspects of the experiment were the same as in Experiment 1. Mean trial duration was 5.0 s (SD = 0.68 s). The dependent variable was the relative number of the trials in which the infant, according to the observer's judgment, preferred the lattice over the horizontal grating. Mean number of completed trials per session was 17.98 (SD = 2.29). Interobserver agreement was r = .94 for the relative FPL scores from six randomly selected babies (58 test sessions).
Results
The upper part of Fig. 2 summarizes the distribution of the mean relative preferences for the lattice over the horizontal grating across age. At all ages, the 95% confidence interval, B-Y corrected for repeated tests, do not include chance probability (.50): At each age, the lattice was significantly preferred over the less complex horizontal grating.
In the next step, trend analyses of the longitudinal data were conducted to find the model which described the data's distribution over time best. This procedure resulted in the following equation:
According to this model, only the lag 1 component exerted a significant effect on the data, R 2 = .108, F(1, 90) = 10.92, p = .001. Despite the fluctuations in the level of relative looking preferences between 6 and 16 weeks portrayed in Fig. 5a , the relative looking preferences obtained at a given age predict the preference scores at the next age, suggesting some positional stability of the individual scores over time.
The experiment substantiates that infants prefer a more complex lattice over a less complex lines pattern at all ages between 6 and 16 weeks. For each age, a planned t test was conducted to compare the FPL scores from Experiment 1, the relative preferences for the rivalrous over the (fusible) horizontal gratings, with the FPL scores from Experiment 3, the relative preferences for the lattice over the horizontal lines. Overall, a series of 11 statistical comparisons were carried out. It was determined whether the resulting significance was lower than a = .0166, which is the two-tailed B-Y corrected .05 level of significance for a total of 11 comparisons. All significances fell below the .0166 limit. This confirms the hypothesis that the overall longer looking times at the horizontal lines observed in Experiment 1 were not a preference for (simple) horizontal lines over a (complex) lattice but an avoidance of rivalry.
In the last experiment, infants were investigated for their visual behavior toward the lattice versus the grating with the classical natural preferential looking technique. 
Participants
The sample consisted of seven female and seven male infants. Two females and two males were completely replaced because the parents did not show up on three consecutive appointments. A total of 29 data points were missing because of either fussiness (n = 2), or sleepiness (n = 3), because of a 95% or more looking preference of one side of the monitor (n = 14), or because the parents did not come to the test session (n = 10).
Apparatus, stimuli, and procedure
The apparatus was the same as in Experiment 1. The stimuli were taken from Experiment 3. The same procedure as in the CNP Experiment 2 was employed. Interobserver agreement was r = .98 for the relative CNP scores from six randomly selected participants (58 test sessions).
Results
According to the upper curve in Fig. 4 , only the mean relative CNP preferences at ages 9-12 weeks significantly exceed the chance probability (.50). Again, the 95% confidence intervals were B-Y corrected. At the remaining ages, from 6 to 8 weeks and from 13 to 16 weeks, there was a tendency to look longer at the lattice than at the horizontal grating, but these preferences were not significant. The upper curve in Fig. 4 increases from 6 to 9 weeks, followed by a continuous decrease until 16 weeks. A model describing a \-shaped developmental trajectory describes the relative looking times data best, R 2 = .063, F(2, 122) = 4.12, p = .019.
The model comprises a linear and a quadratic component:
088 Â age in weeks À 0:004 Â ðage in weeksÞ 2 :
Significances of the regression coefficients were t = 2.28, p = .024, for age in weeks and t = À2.48, p = .015, for (age in weeks)
2 .
Comparable to the results of the CNP experiment (2) on rivalry, the individual time sequences of relative preferences are highly variable according to Fig. 5b . As a consequence, the successive observations are largely statistically independent of each other, preventing the impact of the lag variables from becoming significant. Planned statistical comparisons using the t statistics between the preferences from Experiments 2 and 4 were conducted to explore whether the CNP data for the rivalrous gratings deviated from the CNP data for the lattice. At 9-12 weeks, the values of p for the results of the t statistics were lower than .0166, the B-Y corrected a level of .05 for 11 comparisons. At these ages, the mean CNP preferences for the unfusible pattern over the fusible pattern (Experiment 2) were either significantly lower than .50 (at 9, 10, and 12 weeks) or tended to be significantly lower than .50 (at 11 weeks). The significant group differences are consistent with the assumption that the infants 9-12 weeks in Experiment 2 looked longer at the fusible horizontal lines pattern in order to avoid looking at the rivalrous gratings; the horizontal lines did not attract the infants' looking in Experiment 4. In addition, the group differences became significant at 13, 14, and 16 weeks of age. Again, this result ensures that at these ages the infants in Experiment 2 tended to avoid looking at the rivalrous gratings.
Discussion
The study provides evidence that infants 6-16 weeks of age prefer a fusible stimulus consisting of horizontal lines over a rivalrous stimulus, one half-image of which consists of horizontal lines and the other of vertical lines. This observation was made in two independent samples using different preferential looking paradigms, the forced-choice preferential looking technique (Experiment 1) and the classical natural preference technique (Experiment 2). From 8 to 9 weeks onwards, avoidance of the rivalrous gratings became significant, indicating that the infants clearly exhibited binocular rivalry. Additional samples were tested for their responsiveness to a complex (lattice) versus a simple (horizontal grating) pattern. Again, the FPL (Experiment 3) and the CNP (Experiment 4) methods were applied. Overall, the infants in these control samples preferred the complex over the less complex pattern. The results of systematic comparisons of the rivalry and the complexity experiments were consistent with the hypothesis that the infants in the rivalry Experiments 1 and 2 avoided looking at the rivalrous target.
The findings are inconsistent with the superposition hypothesis and with empirical observations supporting this hypothesis. Gwiazda, Bauer, and Held (1989) and Shimojo et al. (1986) found an abrupt transition from preference for rivalrous gratings over fusible gratings to the reversed preference at 12.4 and 14.1 weeks respectively. Moreover, sex differences were found in these studies as females displayed the transition earlier than males. The present study did not observe the transition described in the superposition hypothesis. Furthermore, no sex difference was ascertained. The reason for these discrepancies is not clear. Most probable, procedural differences are responsible for the different findings. Liu, Tyler, and Schor (1992) found initial summation of interocularly orthogonal gratings if contrast was low. Tyler (1993) points out that the visual system of young infants might blend the halfimages of a rivalrous pattern due to their immature contrast sensitivity. Unfortunately, contrast of the stimuli used in prior research is not known. The impact of contrast on infant looking at rivalrous patterns has to be elucidated in future research. Furthermore, Gwiazda, Bauer, and Held (1989) as well as Shimojo et al. (1986) used glasses with polarizing filters to separate the half-images of the dichoptic target. We used an autostereoscopic monitor which dispenses with spectacles.
While the present data do not support the superposition hypothesis and while they indicate an earlier onset of responsiveness to binocular rivalry than VEP (e.g., Braddick et al., 1980) and behavioral studies (e.g., Shimojo et al., 1986) , they are congruent with neurophysiological findings in monkeys and to the psychophysical results obtained by Brown and Miracle (2003) in human infants. Studies on monkeys ascertained an early functionality of neurophysiological structures involved in binocular rivalry (e.g., Endo et al., 2000) . Brown and Miracle (2003) tested the superposition hypothesis using color anaglyphic presentation of rivalrous gratings and fusible lines. They found a steady decrease of their FPL scores from 5-6 to approximately 11 weeks. From 11 to 16 weeks, the developmental curve remained constant.
Contrary to the developmental pattern established by Brown and Miracle (2003) , trend analyses indicated that the developmental FPL and CNP curves portrayed in Figs. 2 and 4 are [-shaped: They decrease until reaching a minimum at about 9-11 weeks, followed by an increase. It is not clear why the aversive reaction to rivalry became weaker after 9-11 weeks, especially in the CNP experiment. It might be that the infants became accustomed to piecemeal rivalry when tested repeatedly.
The developmental course of responsiveness to rivalrous gratings revealed by the FPL method, the standard technique in research on infant binocular vision, is confirmed by the results obtained with the CNP technique. However, while trend analyses revealed that a combination of linear and quadratic components describes best FPL (Experiment 1) as well as CNP (Experiment 2) data on responsiveness to rivalry, different developmental functions were established for the data from Experiments 3 and 4 on responsiveness to stimulus complexity. More specifically, a constant function fits best the data from the FPL experiment but a \-shaped function fits best the data from the CNP experiment. As a consequence, the FPL and CNP methods do not necessarily produce comparable developmental trajectories. More specifically, since the FPL and CNP experiments on stimulus complexity yielded different developmental trends, the similar trends ascertained in the FPL and CNP experiments on rivalry cannot be regarded as proper parallel. In fact, the increasing part of the FPL curve (Fig. 2, lower curve) is much flatter than that of the CNP curve (Fig. 4, lower curve) . Additionally to that there were further differences between the FPL and CNP experiments. The CNP experiment on rivalry yielded a smaller number of statistically significant mean preference scores than the FPL experiment on rivalry. Moreover, a smaller number of significant mean complexity preferences were observed in the CNP Experiment (4) than in the FPL Experiment (3). Similarly, in a more recent study on infant ability to extract horizontal disparity information from random dot stereograms, the FPL method was more sensitive than the CNP method (Kavšek, submitted for publication). More specifically, the FPL method indicated an earlier onset of binocular vision (8 weeks) than the CNP method (12-15 weeks). Furthermore, the first-order autocorrelation (lag 1) contributes significantly to the regression equations describing the FPL data sets but not the CNP data sets. The FPL but not the CNP method reveals some interindividual stability from one test session to the next. Nevertheless, as depicted in Figs. 3 and 5 , not only the individual trajectories obtained in the CNP experiments are quite variable and include unpredictable fluctuations but also those obtained in the FPL experiments. As a result, the lag 1 but not the lag 2 components predict the relative FPL scores. A higher number of trials were carried out in the FPL method than in the CNP method. This might result in a more precise assessment of the infants' looking behavior by the FPL paradigm.
The emergence of a significant response towards rivalry after 7-8 weeks of age parallels findings according to which sensitivity to horizontal disparity exhibits substantial progress after 8 weeks (e.g., Birch & Salomão, 1998 ; Kavšek, submitted for publication). The age range from 2 to 4 month is obviously a critical phase in the development of binocular functions, both extraction of horizontal disparity and sensitivity to rivalry.
As an alternative to the superposition hypothesis, Brown and Miracle (2003) speculate that infants in the pre-stereoscopic period perceive an unnoticed alternation between the half-images. As the visual system matures, piecemeal rivalry emerges. Studies on monkeys have established functionality and rapid development of the neurophysiological structures involved in binocular vision from shortly after birth onwards (e.g., Chino et al., 1997; Endo et al., 2000; Maruko et al., 2008) . Responsiveness of these structures, however, is reduced in young monkeys. This suggests a continuous, quantitative development from the newborn period onwards. Instead of perceiving alternations of the information arriving from the two eyes, young infants might see piecemeal rivalry from early onwards. The perceived fragmental fluctuations might be less salient as they are either slower or less pronounced. With age, binocular mechanisms mature and the fluctuations generated by rivalrous gratings might become more salient. Especially, the age range from approximately 8 to 9 weeks onwards is a critical period in which maturation of binocular functioning causes piecemeal rivalry to become significantly aversive.
This fluctuation hypothesis proposes some functionality of binocular vision even in the first weeks of life. Infants' behavior towards rivalrous targets before 6 weeks of age, however, has to be revealed in additional studies. For example, neuroimaging experiments might examine whether the brain structures engaged in the processing of rivalrous stimuli are the same in young infants as in adults.
Moreover, several studies have investigated binocular rivalry in preschool and older children (Hudak et al., 2011; Kovács & Eisenberg, 2005) . The development of binocular rivalry between infancy and early childhood is also an unresolved issue. oratory for research assistance. Thanks are especially extended to the infants and parents who participated in the study.
